The study compared the performance of a biosand filter (BSF) with two BSFs modified by introducing a layer of zero-valent iron (ZVI) during a long-duration test (4 months) mimicking the household use pattern in developing countries. Results of the study showed that for bacterial removal, ZVI-amended BSFs outperformed the BSF by at least 1 log 10 unit throughout the filter operation. Effluent turbidity in the BSF and modified BSFs was not significantly influenced by influent values for the turbidity range tested in the study (17.0-45.4 NTU). Removal efficiency of nitrates was higher in the modified BSFs, with up to ∼89% removal in the modified BSFs compared with ∼29% in the BSF. Sharp decline in dissolved oxygen (DO) was observed during the passage of water through the filters. The DO decline was more in the modified filters compared with the conventional BSF. Effluent iron remained within the drinking-water quality standards. The study thus indicates the potential of ZVI to improve the performance of BSFs.
INTRODUCTION
A biosand filter (BSF) is an intermittently operated slow sand filter at small scale, and is one of the most promising and accessible technologies emerging for household water treatment. It is reported that more than 800,000 BSFs were in operation as of 2015, serving an estimated 5 million people in 60 countries (CAWST ). The BSF has become popular as it is easy to use and simple to maintain.
Several parameters influencing the performance of a BSF include sand size, hydraulic head, pause time, filter ripening, daily charge volume and raw water quality including turbidity (Jenkins et al. ) . Several studies reporting on the performance of BSFs suggest that the BSF has limitations especially in terms of its microbial removal efficiency during the ripening period, which typically takes 4-6 weeks. Cleaning of the filter also impairs the performance of the filter for up to 4 weeks after cleaning. These findings raise questions about the assurance of safe water provided to users of BSFs before ripening and after cleaning (Elliott et Nitrate contamination of drinking water is a widespread problem. It has long been known that levels of nitrates exceeding the 50 mg/L limit are associated with certain health problems. It is known that ZVI can effectively remove nitrates (Westerhoff & James ) .
In the present study ZVI in two different locally available forms was introduced in a BSF in order to improve its performance. The study compared the reduction of bacteria, turbidity and nitrates by the BSF and modified BSFs during a long-duration test (4 months) mimicking the household use pattern in developing countries.
MATERIALS AND METHODS
Three full-scale BSFs -one conventional BSF and two ZVImodified BSFs -were constructed using plastic containers of approximately 75 cm height following the specifications of the Centre for Affordable Water and Sanitation Technology (CAWST ). Plastic containers bought from the local market were used in the study. Locally available river sand passing through 1.18 mm and retained on 0.150 mm sieves was used. The sand was washed several times using tap water until the wash water became clean. One of the modified BSFs contained 7.5 kg of mild steel nails (BSF (nail)) and the other contained 7.5 kg of iron filing scrap (BSF (scrap)) which were mixed uniformly throughout the top 15 cm of the filter media, excluding a 5 cm layer of fine sand. Mild steel nails (20 mm long, 2 mm diameter) were purchased from the local market while iron filing scrap was obtained from the workshop of S. V. National Institute of Technology, Surat, India. Water was present inside the filter before loading to avoid any occurrence of air space and short circuiting. A plastic diffuser plate was then placed on the lip of the filter to avoid disturbance of the top layer during water loading of the filters. Figure S1 (Supplementary Material, available with the online version of this paper) shows the schematics of the modified BSF used.
Filter operation
Two filter runs of total 4 months duration were conducted with three filters under identical conditions at room temperature which varied in the range of 25-30 C during the experiment. The influent characteristics of the water used in the two filter runs are presented in Table 1 .
In Run 1, tap water spiked with potassium nitrate with a targeted initial nitrate concentration of 25 mg/L and initial turbidity of 20 NTU in the form of natural clay was used.
Sewage at the rate of 1 mL/L of water was added. A daily charge of 20 L water was chosen based on the typical requirement of a developing country household. Also, it represents about one pore volume of about 19.5 L. In Run 2, in order to study the effect of influent turbidity on the where there could be anoxic conditions. However, in the present study, since the ammonia in the influent was negligible, nitrification was not expected in the filter.
In the modified BSFs, nitrate removal was significantly higher compared with unmodified filters, with BSF (nail) and BSF (scrap) giving 58.5% and 88.56% removals, respectively. Nitrate removal mechanisms in the modified BSFs are complex since they contain ZVI. In addition to biological denitrification described above, the mechanism involves physico-chemical processes. 
Microbial removal
Reduction in bacterial concentration during the two runs in the three filters is presented in Figure 4 (a). The trend in all three filters was towards increased total coliform reductions with increasing days of filter operation. This could be not only due to the maturation of the biofilm in the filters, but also due to the reduced filtration rate. In order to examine whether any relationship existed between bacterial quality and flow rate, effluent bacterial concentrations were plotted against flow rate for the three filters (Figure 4(b) ). It is evident that for all the three filters, reduced flow rate resulted in increased total and faecal coliform removals.
The trend, however, was more pronounced in the case of the BSF compared with the modified BSFs.
The microbial removal was always higher in the modified BSFs compared with the BSF by at least 1 log unit. Figure 4 (a) shows that the average performance of the two ZVImodified BSFs was similar. Up to 4 log total coliform removals were obtained in these filters. The heterotrophic bacterial count (HPC), enumerated during Run 1 and presented in Figure 4 (a), shows that HPC reduction was higher in the modified biosand filters with an average of ∼2 log removal, whereas it was only ∼1 log removal in the BSF.
The improved microbial removal in the modified filters and hydroxides as well as being adsorbed on to the surface of these precipitates (Noubactep et al. ) . Hence, adsorption and co-precipitation could be the principal reasons for enhanced microbial inactivation in the ZVI-modified filters.
It may be noted that in the present study, after the first run, the filters were cleaned by scraping the top 5 cm of the sand layer and replenishing it with new sand. In the second run, the influent turbidity was increased from ∼20
NTU to ∼40 NTU. It is seen that increased influent turbidity and cleaning did not adversely impact the microbial removal capacity of any of the filters. 
CONCLUSIONS

